Objective: Thyroid hormones affect airway contraction, but the specific effects of thyroid hormones on airways are controversial. Methods: We divided 78 advanced-age men with asthma into 3 groups: type I respiratory failure (RF1), type II respiratory failure (RF2), and no respiratory failure (NRF). Pulmonary function was measured after asthma stabilization. Results: The free triiodothyronine (FT3) level was significantly higher in the RF1 than RF2 group, but the free thyroxine (FT4), total thyroxine (TT4), and thyroid-stimulating hormone (TSH) levels were not significantly different. In the RF1, RF2, and NRF groups, the correlation coefficients between FT3 and the forced expiratory volume in1 s (FEV 1 ) were 0.317, 0.627, and 0.213; those between FT3 and the FEV 1 /forced vital capacity (FVC) ratio were 0.287, 0.412, and 0.156; those between FT4 and FEV 1 were 0.214, 0.231, and 0.167; and those between FT4 and the FEV 1 /FVC ratio were 0.211, 0.215, and 0.218, respectively. In the RF1 and RF2 groups, the correlation coefficients between the sum activity of peripheral deiodinases (SPINA-GD) and the FEV 1 /FVC ratio were 0.164 and 0.421, and those between SPINA-GD and FEV 1 were 0.284 and 0.491, respectively. Conclusion: The correlation between FT3 and pulmonary function is likely caused by changes in thyroid enzymology.
The management of asthma in patients of advanced age represents one of the greatest conundrums for experts in this field. The term "geriatric asthma" describes a key clinical phenotype of asthma. 2 The effects of thyroid hormones on airway contractility are unclear. Rats rendered hypothyroid via thyroidectomy exhibited attenuated susceptibility to the development of experimental asthma, and this susceptibility was reestablished with thyroxine (T4) supplementation. 3 Triiodothyronine (T3) supplementation in euthyroid children with asthma has been shown to relieve symptoms and allow children to taper the use of asthma medication. 4 The protective effect of the absence of T4 in rats and the beneficial effects of the addition of T3 in children with asthma and normal levels of other thyroid hormones seem counterintuitive. Together, these observations suggest that the relationship between thyroid hormones and the risk of asthma is complex.
In the present study, we retrospectively analyzed changes in older adults with acute exacerbation of bronchial asthma to deepen our understanding of the preliminary effects of thyroid hormones on asthma. Our findings will help to clarify the relationship between serum thyroid hormone levels and the pathogenesis of asthma in patients of advanced age.
Methods

Participants and subgroups
We retrospectively analyzed advanced-age patients with acute exacerbation of asthma who were treated in the Emergency Department of Qingdao City Hospital from 2014 to 2017. All patients were male smokers with a smoking history of >400 pack-years. Similarly aged healthy men who also had a smoking history of >400 pack-years comprised the normal control group. The participants were divided into three groups according to the point during the treatment process at which the experimental measures were assessed: patients with acute exacerbation of asthma who underwent measurements prior to treatment, patients with acute exacerbation of asthma who underwent measurements after treatment, and normal controls. The patients were divided into three subgroups based on their arterial blood gas analysis results: type I respiratory failure (RF1), type II respiratory failure (RF2), and no respiratory failure (NRF). The study was approved by the Qingdao Municipal Hospital Research Ethics Committee. All patients were fully informed about the purpose and procedures of the study, and all provided written consent to participate.
Exclusion criteria
Patients were excluded from the study if they had a history of thyroid disease; had a history of chronic obstructive pulmonary disease, pulmonary embolism, lung lesions, interstitial lung disease, or other respiratory diseases; had received drugs that affect thyroid hormones, such as amiodarone hydrochloride, within the last 3 months; had a history of long-term use of glucocorticoids; or had severe heart failure requiring drug control.
Diagnostic criteria
Asthma exacerbation was diagnosed according to the 2017 edition of the Global Initiative for Asthma program 5 and was based on a partial pressure of arterial oxygen (PaO 2 ) of <60 mmHg with or without a partial pressure of arterial carbon dioxide (PaCO 2 ) of >50 mmHg under sealevel conditions in a resting state, which excludes intracardiac anatomical shunts, primary cardiac discharge, and other factors that may be diagnosed as respiratory failure. The diagnostic criteria for RF1 were a PaO 2 of <60 mmHg accompanied by a decreased or normal PaCO 2 . The diagnostic criteria for RF2 were a PaO 2 of <60 mmHg accompanied by a PaCO 2 of >50 mmHg.
Study methods and observation indexes
Blood samples were collected from patients with acute exacerbation of asthma on an empty stomach at 7:00 AM for the first 2 days. The serum levels of thyroid hormones [total T3 (TT3), total T4 (TT4), free T3 (FT3), free T4 (FT4), and thyroidstimulating hormone (TSH)] were measured by chemiluminescence. The sum activity of peripheral deiodinases (SPINA-GD), Jostel's TSH index (JTI), and the thyroid's secretory capacity (SPINA-GT) were also evaluated. Hospitalized patients received standardized treatment. Blood was withdrawn from patients when their condition improved. Samples were also collected from patients on an empty stomach at 7:00 AM 1 day before discharge to measure serum hormone and cytokine levels. Blood samples were collected from patients in the healthy control group on an empty stomach at 7:00 AM to measure serum thyroid hormones. Pulmonary function was tested during the asthma stabilization period.
Statistical analysis
All data were analyzed using SPSS for Windows, Version 16.0 (SPSS Inc., Chicago, IL, USA). Normally distributed data are expressed as mean AE standard deviation. The results from the two groups of samples were compared using the t test. Multiple samples were compared using the Kruskal-Wallis test when the data were not normally distributed. Correlation coefficients between the FT4 level and pulmonary function and between FT3 and pulmonary function were calculated in different stages of asthma were also calculated. Exact P values were considered statistically significant at <0.05.
Results
Patients' baseline characteristics
The study comprised 78 older men with acute exacerbation of asthma (mean age, 70 AE 12 years; age range, 62-82 years) and 42 healthy male controls (mean age, 69 AE 11 years; age range, 61-80 years). The RF1, RF2, and NRF groups comprised 28, 20, and 30 patients, respectively. As shown in Table 1 , there were no significant differences in body mass index, pack-years, blood pressure, or age among all study participants. There were also no significant differences in the C-reactive protein level among the RF1, RF2, and NRF groups. However, there was a significant difference in the C-reactive protein level between the control group and the patient groups (RF1, RF2, and NRF) (P < 0.05).
Comparison of thyroid hormone levels before and after treatment Table 2 shows the serum thyroid hormone levels in patients with bronchial asthma before and after treatment for asthma exacerbation and participants in the normal control group. The TT4, TT3, and FT3 levels were significantly lower before than after treatment (P < 0.05). The TT4, TT3, and FT3 levels were significantly lower in the after-treatment group than in the control group (P < 0.05). There was a significant difference in the FT4 level between the before-and after-treatment groups (P <0.05). However, there was no significant difference in the FT4 level between the after-treatment group and the control group. The differences in the TSH level among the three groups were not statistically significant. The SPINA-GT, SPINA-GD, and JTI were significantly lower before than after treatment (P < 0.05). The SPINA-GT, SPINA-GD, and JTI were also significantly lower in the after-treatment group than in the control group (P < 0.05).
Comparison of thyroid hormone levels among the study groups Table 3 shows the serum thyroid hormone levels in the RF1, RF2, and NRF groups. All thyroid hormone levels (FT3, FT4, TT3, and TT4) were much lower in the RF1 and RF2 groups than in the NRF group (P < 0.05). The TT3 and FT3 levels were markedly higher in the RF1 than RF2 group (P < 0.05). There was no significant difference in the FT4 or TT4 level between Table 2 . Comparison of serum thyroid hormone levels before and after treatment in older adults with acute exacerbation of asthma. Group TT3, total triiodothyronine; TT4, total thyroxine; FT3, free triiodothyronine; FT4, free thyroxine; TSH, thyroid-stimulating hormone; SPINA-GT, thyroid's secretory capacity; SPINA-GD, sum activity of peripheral deiodinases; JTI, Jostel's thyroid-stimulating hormone index.
*P < 0.05 compared with control group; # P < 0.05 compared with treatment group.
the RF1 and RF2 groups. There was also no significant difference in the TSH level among the RF1, RF2, and NRF groups.
Comparison of thyroid hormone levels between patients with exacerbation and stabilization of asthma Table 4 compares the serum thyroid hormone levels between patients with exacerbation and stabilization of asthma. Among the patients with acute exacerbation, the PaCO 2 level was significantly lower in the RF1 than RF2 group (P < 0.05). Among the patients with stabilization of asthma, there were no significant differences in the PaCO 2 level. The PaO 2 level was significantly lower in the RF1 group than in the NRF and control groups (P < 0.05). There were no significant differences in the PaO 2 level between the RF1 and RF2 groups. Analysis of pulmonary function in the patients with stabilization of asthma showed that the forced expiratory volume in 1 s (FEV 1 ) and the FEV 1 /forced vital capacity (FVC) ratio were significantly better in the RF1 than RF2 group (P < 0.05), significantly better in the NRF group than in the RF1 and RF2 groups (P < 0.05), and significantly better in the control group than in the RF1 and RF2 groups (P < 0.05).
Correlation analysis between FT3 and pulmonary function
As shown in Correlation analysis between FT4 and pulmonary function
As shown in Table 6 , the correlation coefficients between FT4 and FEV 1 were 0.214 (RF1 group), 0.231 (RF2 group), and 0.167 (NRF group). The correlation coefficients between FT4 and the FEV 1 /FVC ratio were 0.211 (RF1 group), 0.215 (RF2 group), and 0.218 (NRF group).
Discussion
Asthma was historically considered mainly a childhood disease. However, asthma is currently an important cause of morbidity and mortality in patients of advanced age. 1 Clinical studies of patients with many nonthyroid diseases (e.g., respiratory and heart failure) have shown that changes in thyroid hormones (e.g., a reduced T3 level) are key predictors of disease prognosis. 6, 7 The term "geriatric asthma" refers to patients who meet the diagnostic criteria for asthma and are !60 years of age. 8 This type of asthma is an important clinical phenotype of bronchial asthma. However, aging itself also has significant effects on the methacholine response and airway hyperreactivity. 9 Therefore, higher annual declines in FEV 1 are observed in patients with late-onset asthma, 10, 11 especially people of advanced age and smokers with a history of >10 pack-years. [12] [13] [14] Women are more likely than men to be affected by late-onset asthma. 15 In the present study, we measured different levels of thyroid hormones in advanced-age patients with different stages of asthma. All participants were male smokers, which effectively controlled for experimental bias.
When the availability of energy or glutathione does not match their consumption, active thyroid hormones are expected to be selectively downregulated. By analogy to classic concepts, we refer to this phenomenon as type 1 thyroid allostasis. 16 Bronchial asthma in association with various levels of TT3 and FT3 is a stress response, but it is also a reversible and protective mechanism. Lower oxygen consumption is conducive to tissue and organ function. Studies have shown that thyroid hormone levels are key factors in acute exacerbation of bronchial asthma. 17 Euthyroid sick syndrome results from severe acute or chronic nonthyroid disease, trauma, or other causes of thyroid function abnormalities in the circulating blood, and it often manifests in serum as a decrease in FT3 and T3. In contrast, FT4 and T4 are normal or decreased, and TSH is generally in the normal range. Euthyroid sick syndrome is one of a group of syndromes that present clinically without significant thyroid dysfunction. 18 Recent studies have shown that T3 is an independent predictor of survival. 19 The results of the present study showed that the serum TT4, TT3, FT4, and FT3 levels were lower in advanced-age patients with acute exacerbation of asthma than in normal control patients. There was no significant difference in the TSH level between the two groups. FT3 and FT4 reflect the status of thyroid function when thyroidbinding globulin (TBG) remains normal, and these hormones are not affected by changes in TBG quantity, TBG function, or albumin content. FT3 and FT4 more accurately reflect the thyroid function status than do TT3 and TT4 when the TBG concentration is abnormal. In the present study, the FT3 level was lower in advanced-age patients with acute exacerbation of asthma than in those with stabilization. Stabilization of the thyroid hormone levels in older patients with acute exacerbation of asthma suggests that both the acute exacerbation and hypothyroidism are short and reversible. In patients of advanced age, the combination of asthma and RF2 is critical. Hypoxia and carbon dioxide retention decrease the levels of thyroid hormones, especially FT3, which more likely reflects the disease severity and may indicate the severity of acute exacerbations. Non-thyroidal illness syndrome is a disease-independent risk factor for survival; therefore, it is important to understand the mechanisms underlying this condition. 20 Patients with low FT3 show significantly higher mortality rates and a significantly longer duration of mandatory ventilation. 20, 21 Furthermore, low FT3 is a strong prognostic predictor in patients with B-cell lymphomas. 22 The alterations during the acute phase of non-thyroidal illness syndrome in patients with critical illness occur within hours or days and are defined by increased release of anterior pituitary hormones, low levels of anabolic peripheral effector hormones, a reduced TBP concentration, reduced binding affinity, reduced expression of thyroid hormone transporters, decreased thyroid hormone uptake, and altered expression of D1 and D3 activity and thyroid hormone receptor alpha 1.
The expression of thyroid hormones is induced in advanced-age patients with asthma mainly for the following reasons: (1) Conversion of T4 to T3 in peripheral tissue may decline because of hypoxia, and conversion of T4 to reverse T3 may be enhanced. (2) Tissue hypoxia and carbon dioxide retention stimulate the thalamuspituitary-adrenal system, which leads to catecholamine and cortisol synthesis.
Both of these activities elevate blood glucose, fat mobilization, and protein decomposition to maintain normal energy metabolism and meet the basic physiological needs of organs. Metabolic changes in the thalamus-pituitary complex result in feedback inhibition of TSH release, which inhibits peripheral tissue T4 and T3 mutual transformation and reduces T3 synthesis. (3) Acute exacerbation of asthma in older patients leads to increases in a series of cytokines, such as interleukins and tumor necrosis factor, which inhibit the biological activity of TSH and suppress T4 conversion to T3. 23 (4) Acute infection and hypoxia decrease the TBG level, which reduces the T3 and T4 levels. Acute exacerbation of asthma places advanced-age patients at increased risk of heart failure, reduced renal blood flow, and renal tubular reabsorption of iodine. Diuretics accelerate iodine excretion.
FT4 is also an important thyroid hormone. Some studies have shown that FT4 is an important determinant of refractory asthma. 24 FT4 affects blood glucocorticoid levels in patients with asthma. 25 In the present study, the correlation coefficients between FT3 and pulmonary function were higher than those between FT4 and pulmonary function, which suggests that the pathogenesis of asthma in patients of advanced age is different from that of asthma in younger patients. During the development of the disease, the correlation coefficient between FT3 and pulmonary function was higher in the RF2 than RF1 group. This result suggests that thyroid hormones may be involved in the development of asthma in patients of advanced age.
The JTI is measured to quantitatively estimate the thyrotropic (i.e., thyroidstimulating) function of the anterior pituitary lobe. The equation was derived from the logarithmic standard model of thyroid homeostasis. Recent research has demonstrated that the JTI is inversely correlated with the SPINA-GT and thyroid volume. 26 In the present study, the JTI improved significantly after treatment. This suggests that the SPINA-GT level in acute exacerbation of bronchial asthma is acceptable and that the JTI returns to normal 27 as the condition improves.
SPINA-GD represents the maximum amount of T3 produced per time unit under conditions of substrate saturation. 28 It is assumed to reflect the activity of deiodinases outside the central nervous system and other isolated compartments. Recent research has revealed that total deiodinase activity is higher in patients with hypothyroidism as long as thyroid tissue is still present. This effect may ensue from the existence of an effective TSH-deiodinase axis or TSH-T3 shunt. After total thyroidectomy or high-dose radioiodine therapy (e.g., in treated thyroid cancer) as well as after initiation of substitution therapy with levothyroxine, the activity of step-up deiodinases decreases and the correlation of SPINA-GD with the TSH concentration is lost. SPINA-GD is also reduced in patients with some chronic diseases, such as euthyroid sick syndrome. The present results showed that SPINA-GD improved significantly after treatment. After treatment, SPINA-GD was lower than that of normal patients. The index was still within the normal range. 29 SPINA-GD is closely correlated with pulmonary function. (Figures 1-4) SPINA-GT is elevated in primary hyperthyroidism and reduced in both primary hypothyroidism [30] [31] [32] and untreated autoimmune thyroiditis. 23 It has been observed to correlate with resting energy expenditure 33 and thyroid volume. 29 In a longitudinal evaluation, SPINA-GT showed lower intra-individual variation (i.e., higher reliability) than TSH, FT4, or FT3. 34 Elevated SPINA-GT in patients with Graves' disease is reversible with antithyroid treatment. In the present study, SPINA-GT improved significantly after treatment. After treatment, SPINA-GT was lower than that of normal patients. The index was still within the normal range. 29 These results indicate that hypoxia during an acute attack of bronchial asthma leads to a decrease in enzymatic activity.
The use of thyroid hormones in the treatment of bronchial asthma is controversial. 35 Changes in thyroid hormone levels only reflect the course of bronchial asthma in the process of systemic pathophysiological changes in parts of the body in an attempt to provide physical protection from the disease. The body additionally maintains a low metabolism level to reduce oxygen consumption and energy metabolism.
The process described above can adapt in response to the environment, which is conducive to mitigation and recovery. Therefore, supplementing thyroid hormones does not improve the overall disease process but may instead damage the gradual formation of a relatively stable state. In summary, thyroid hormone levels should be monitored during acute exacerbations of asthma in patients of advanced age to provide information related to disease progression and improvement. Monitoring the levels of thyroid hormones and performing timely assessments of the patient's condition are helpful for assessing disease severity and forecasting the prognosis. Relatively few participants were included in the present study, all participants were male, and both the patients and controls were smokers. Future research should focus on female patients and nonsmokers.
Conclusion
A close relationship exists between thyroid hormone levels and the severity of asthma in older adults. Hypoxia may trigger mechanisms for saving oxygen, which downregulates step-up deiodinase activity, and the retention of carbon dioxide markedly reduces thyroid hormone levels. Therefore, it is more probable that hypoxia leads to type 1 thyroid allostasis rather than that hypothyroidism impairs pulmonary function. The FT3 level plays an important role in assessing the severity of asthma in patients of advanced age. The correlation between FT3 and pulmonary function is likely to be caused by changes in thyroid enzymology.
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